Despite advances in early diagnosis and treatment, cancer remains the major reason for mortality worldwide. The Runtrelated transcription factor (RUNX) family has been reported to participate in diverse human diseases. However, little is known about their expression and prognostic values in human leukemia. Herein, we conducted a detailed cancer versus normal analysis. The mRNA expression levels of the RUNX family in various kinds of cancers, including leukemia, were analyzed via the ONCOMINE and GEPIA (Gene Expression Profiling Interactive Analysis) databases. We observed that the mRNA expression levels of RUNX1, RUNX2, and RUNX3 were all increased in most cancers compared with normal tissues, especially in leukemia. Moreover, the expression levels of RUNX1, RUNX2, and RUNX3 are also highly expressed in almost all cancer cell lines, particularly in acute myeloid leukemia (AML) cell lines, analyzed by Cancer Cell Line Encyclopedia (CCLE) and European Bioinformatics Institute (EMBL-EBI) databases. Further, the LinkedOmics and GEPIA databases were used to evaluate the prognostic values. In survival analyses based on LinkedOmics, higher expression of RUNX1 and RUNX2 indicated a better overall survival (OS), but with no significance, whereas increased RUNX3 revealed a poor OS in leukemia. In addition, the GEPIA dataset was also used to perform survival analyses, and results manifested that the expression of RUNX1 and RUNX2 had no remarkable correction with OS in leukemia, but it showed highly expressed RUNX3 was significantly related with poor OS in leukemia. In conclusion, the RUNX family showed significant expression differences between cancer and normal tissues, especially leukemia, and RUNX3 could be a promising prognostic biomarker for leukemia.
INTRODUCTION
The Runt-related transcription factors (RUNXs), known as the polyomavirus enhancer-binding protein 2 (PEBP2) or core-binding factor (CBF), belong to an ancient family of metazoan genes involved in developmental processes. 1 They are heterodimers of a and b subunits.
In humans, the a subunit comprises three proteins, RUNX1 (AML1/ CBFA2/PEBP2aB), RUNX2 (AML3/CBFA1/PEBP2aA), and RUNX3 (AML2/CBFA3/PEBP2aC), that contain an evolutionarily conserved 128-amino acid Runt domain responsible for DNA binding and heterodimerization with the b subunit. The b subunit includes a single protein, RUNX b (also known as PEBP2b or CBFb), that does not contain a DNA-binding domain but allosterically enhances the DNA-binding activity of the a subunit and regulates its turnover by protecting it from ubiquitin-proteasome-mediated degradation. 2, 3 Through multiple protein-interacting partners, RUNX proteins have been involved in diverse signaling pathways and cellular processes. RUNX transcription factors contribute to hematopoiesis and are frequently implicated in hematologic malignancies. All three RUNX isoforms are expressed at the earliest stages of hematopoiesis.
RUNX1-3 are key transcriptional regulators involved in several major developmental pathways including hematopoiesis, neurogenesis, and skeletogenesis. 1 RUNX1, known as acute myeloid leukemia 1 because of the discovery of its gene sequence from a human patient with acute myeloid leukemia, 4 is among the most frequently mutated genes in human leukemias. [5] [6] [7] Over the past 20 years, studies have elucidated many important functions of RUNX1 in hematopoietic development, hematopoietic stem cell homeostasis, and various blood malignancies. Goyama et al. 8 reported that RUNX1 overexpression inhibited the growth of CB cells by inducing myeloid differentiation, whereas a certain level of RUNX1 activity was required for the growth of acute myeloid leukemia (AML) cells. They also found that human AML cells are more sensitive to RUNX1 inhibition probably due to their reduced RUNX activities. 8 In mice, Runx1 is crucial for the generation and maintenance of hematopoietic stem cells (HSCs). 9 Hence RUNX1 is considered a tumor suppressor in myeloid neoplasms, and inactivating RUNX1 mutations have frequently been found in patients with myelodysplastic syndrome (MDS) and cytogenetically normal AML. 10 Haploinsufficiency of RUNX2 is associated with cleidocranial dysplasia (CCD), an autosomal dominant skeletal disorder. 11 Moreover, RUNX2 is overexpressed in breast cancer and promotes breast cancer bone metastasis by increasing integrin a5-mediated colonization. 12 Kuo et al. 13 also reported that Runx2 induced AML in cooperation with Cbfbeta-SMMHC in mice. Therefore, RUNX2 is generally regarding as an oncogene in AML. RUNX3 is expressed in a wide range of tissues and has diverse biological functions. It plays a crucial role in regulation of epithelial homeostasis in the gastrointestinal tract. 14, 15 In humans, RUNX3 is a key regulator of gene expression in major developmental pathways, and it has been implicated in a multitude of cancers where it can function as a tumor suppressor or oncogene. 16, 17 RUNX3 is reported to be a tumor suppressor in a variety of cancers including gastric, colon, and breast cancer. 16, 18 Nevertheless, it has also been revealed that RUNX3 overexpression is frequently observed and is well correlated with malignant behaviors in head and neck cancer. 17 Furthermore, RUNX3 is frequently expressed in the nuclei of ovarian cancer cell lines and plays an oncogenic role in ovarian cancer. 16 In addition, Selvarajan et al. 19 identify RUNX3 overexpression in natural killer/T cell lymphoma (NKTL) with functional oncogenic properties. Hence the specific role of RUNX3 in different cancers has been disputed. Although to date, little is known about the expression pattern, functional role, and prognostic role of RUNX3 in leukemia.
The dysregulated expression level of RUNX factors and their relationship with clinicopathological features and prognosis have been partly reported in human leukemia. To the best of our knowledge, bioinformatics analysis has yet been applied to explore the role of the RUNX family in leukemia. RNA and DNA research, an essential component of biological and biomedical studies, have been revolutionized with the development of microarray technology. 20 On the basis of the analyses of thousands of gene expressions or variation in copy numbers published online, we analyzed in detail the expression and mutations of different RUNX factors in patients with leukemia to determine the expression patterns, potential functions, and distinct prognostic values of transcription factors (TFs) in leukemia.
RESULTS

Transcriptional Levels of RUNXs in Patients with Lung Cancer
Three RUNX factors have been identified in mammalian cells. We compared the transcriptional levels of RUNXs in cancers with those in normal samples by using ONCOMINE databases (Figure 1 ). The mRNA expression levels of RUNX1 were significantly upregulated in patients with leukemia in six datasets. In Haferlach Leukemia 2's dataset, 21 RUNX1 is overexpressed compared with that in the normal samples in T cell acute lymphoblastic leukemia with a fold change of 2.554, and in pro-B acute lymphoblastic leukemia with a fold change of 2.559 (Table 1) . In Stegmaier Leukemia's dataset, 22 RUNX1 is also overexpressed in AML with a fold change of 4.907. Haferlach Leukemia's dataset 21 showed RUNX1 expression factor with increased expression; that is, RUNX1 has a fold change of 2.464 in patients with T cell acute lymphoblastic leukemia, a fold change of 2.105 in patients with AML, a fold change of 2.342 in patients with B cell acute lymphoblastic leukemia, and a fold change of 2.161 in patients with pro-B acute lymphoblastic leukemia (Table 1) . Haslinger Leukemia's dataset 23 indicated that RUNX1 overexpression is also found in chronic lymphocytic leukemia with a fold change of 3.066. In Valk Leukemia's dataset, 24 RUNX1 is overexpressed in AML with a fold change of 2.128. In Andersson Leukemia's dataset, 25 RUNX1 is overexpressed in T cell acute lymphoblastic leukemia with a fold change of 2.735. In Coustan-Smith Leukemia's dataset, 26 RUNX1 is overexpressed in B cell childhood acute lymphoblastic leukemia with a fold change of 3.126 and in T cell childhood acute lymphoblastic leukemia with a fold change of 5.366.
In Stegmaier Leukemia's dataset, 22 RUNX2 is overexpressed in AML with a fold change of 2.89, and RUNX2 is overexpressed in T cell childhood acute lymphoblastic leukemia with a fold change of 2.371 of Durig Leukemia's dataset 27 (Table 1) .
In Choi Leukemia's dataset, 28 RUNX3 is overexpressed in chronic adult T cell leukemia and lymphoma with a fold change of 2.783 (Table 1) .
Relationship between the mRNA Levels of RUNXs and the Clinicopathological Parameters of Patients with Leukemia
Using the GEPIA (Gene Expression Profiling Interactive Analysis) dataset (http://gepia.cancer-pku.cn/), we compared the mRNA expression of RUNX factors between leukemia and normal blood samples. The results indicated that the expression levels of RUNX1, RUNX2, and RUNX3 were all higher in leukemia than in normal blood samples (Figures 2A-2E ).
RUNX Translational Factors Expression in Cell Lines of Leukemia
By assembling the Cancer Cell Line Encyclopedia (CCLE), we have expanded the process of detailed annotation of preclinical human cancer models (https://www.broadinstitute.org/ccle). We found that RUNX1, RUNX2, and RUNX3 were all highly expressed in cell lines of leukemia ( Figures 3A-3C) . Moreover, the European Bioinformatics Institute (EMBL-EBI) bioinformatics website (https://www.ebi.ac. uk/gxa/home) was also used to test the expression of RUNX translational factors in leukemia cell lines, and results indicated that RUNX1, RUNX2, and RUNX3 were increased in most cell lines of leukemia ( Figure 3D ).
The Prognostic Values of RUNXs in Leukemia
Nest, we investigated prognosis analysis for RUNX1, RUNX2, and RUNX3 using LinkedOmics and GEPIA databases in leukemia. In particular, decreased RUNX1 and RUNX2 were associated with poor overall survival (OS) in leukemia, but with no significance, in the LinkedOmics dataset ( Figure 4A ). Interestingly, there were no differences for RUNX1 and RUNX2 in prognostic analysis by GEPIA databases ( Figure 4B ). Nevertheless, increased RUNX3 was associated with poor OS in leukemia ( Figures 4A and 4B ).
Nest, we investigated prognosis analysis for RUNX1, RUNX2, and RUNX3 using LinkedOmics and GEPIA databases in leukemia. In particular, decreased RUNX1 and RUNX2 were associated with poor OS in leukemia, but with no significance, in the LinkedOmics dataset ( Figure 4A ). Interestingly, there were no differences for RUNX1 and RUNX2 in prognostic analysis by GEPIA databases (Figure 4B) . Nevertheless, increased RUNX3 was associated with poor OS in leukemia ( Figures 4A and 4B ). Hence highly expressed RUNX1 is a prognostic factor for leukemia.
Co-expressed Genes of RUNXs, and the Correction between RUNXs in Leukemia
Genes co-expressed with RUNX1 were analyzed in Armstrong Leukemia, 29 and we found RUNX1 was positively corrected with EP400, FAM3C, KDM4C, ZNF75D, ZNF177, BICD1, MAP2K4, ZBTB48, HDAC9, SEPHS1, and VPS13D. Genes co-expressed with RUNX2 were analyzed in Andersson Leukemia, 25 and we found RUNX2 was positively corrected with CEBPA, GGA2, MGLL, TAF15, CTSA, PLTP, CD33, PMS2L4, ATG7, TGOLN2, and P2RY2. Genes co-expressed with RUNX3 were analyzed in Raponi Leukemia 2, 30 and we found RUNX3 was positively corrected with ARL4C, SIRPG, MAL, www.moleculartherapy.org IL7R, GIMAP5, PVRIG, TIAM1, CCL4, ITK, CD3G, and BCL11B ( Figure 5A ). We also analyzed the association among RUNX1, RUNX2, and RUNX3 by the LinkedOmics database and found that RUNX1 was positively corrected with RUNX2 (R = 0.2288, p < 0.05), RUNX1 was negatively corrected with RUNX3 (R = À0.2443, p < 0.05), and there was no significant correction between RUNX2 and RUNX3 ( Figure 5B ). Furthermore, we verified it using the GEPIA dataset; surprisingly, RUNX1 was both positively corrected with RUNX2 (R = 0.73, p < 0.05) and RUNX3 (R = 0.14, p < 0.05), and RUNX2 was positively corrected with RUNX3 (R = 0.15, p < 0.05) ( Figure 5C ). Hence RUNX1 has a positive correlation with RUNX2 in leukemia.
DISCUSSION
RUNX factors dysregulation has been reported in many cancers. 1, 8, 12, 13, 15, 17, 18, 31, 32 The present study is the first to explore the mRNA expression and prognostic (OS) values of different RUNX factors in leukemia. We hope that our findings will contribute to available knowledge, improve treatment designs, and enhance the accuracy of prognosis for patients with leukemia.
The three RUNX family members are lineage-specific master regulators, which also have important, context-dependent roles in carcinogenesis as either tumor suppressors or oncogenes. 33 RUNX1 plays an essential role in the development of normal hematopoiesis 34 and is generally considered a tumor suppressor in myeloid neoplasms. 35 In malignant lymphoma with leukemia (MLL) fusion leukemia, RUNX1 expression is downregulated through degradation by MLL fusion proteins.
10 RUNX1 mutations are frequent in de novo AML with noncomplex karyotype and confer an unfavorable prognosis. 36 Moreover, Goyama et al. 8 reported that RUNX1 promotes survival of AML cells. Thus, RUNX1 has been treated as a beneficial tumor suppressor for myeloid leukemogenesis. In our study, ONCOMINE datasets and GEPIA datasets revealed that the expression of RUNX1 was higher in human leukemia than in normal tissues. CCLE and EMBL-EBI databases also showed that RUNX1 was highly expressed in human leukemia cell lines. Using GEPIA and LinkedOmics datasets, we determined the prognostic value of RUNX1 in patients with leukemia. A low RUNX1 expression was associated with poor OS in leukemia, but with no significance.
Some evidence also points to a role for RUNX2 specifically in bone metastasis in advanced breast and prostate cancer.
37 RUNX2 regulates the expression of genes intimately associated with tumor progression, invasion, and metastasis. Li et al. 12 reported that RUNX2 promoted breast cancer bone metastasis by increasing integrin alpha5-mediated colonization. Schnerch and colleagues 38 showed that RUNX2 was upregulated in AML in a patient with an inherent RUNX2 haploinsufficiency and CCD. Runx2 was also reported to induce AML in cooperation with Cbfbeta-SMMHC in mice. 13 Hence RUNX2 might act as an oncogene in leukemia. In our report, the expression of RUNX2 in leukemia tissues was higher than that in normal tissues. RUNX2 was also highly expressed in human leukemia cell lines, as implicated by CCLE and EMBL-EBI databases. But to our surprise, decreased RUNX1 expression was shown to associate with poor OS in leukemia, with no significance as well.
RUNX3 is a master regulator of gene expression in major developmental pathways, and has been implicated in a multitude of cancers where it can function as a tumor suppressor or oncogene. 16, 17 It is shown to be a tumor suppressor in a variety of cancers including gastric, colon, and breast cancers. 16, 18 However, RUNX3 overexpression is frequently observed and is well correlated with malignant behaviors in head and neck cancer. 17 In addition, RUNX3 is frequently highly expressed in the nuclei of ovarian cancer cell lines and plays an oncogenic role in ovarian cancer. 16 Further, Selvarajan et al. 19 reported overexpressed RUNX3 in NKTL had functional oncogenic properties. Therefore, it is inconclusive on the definite function of RUNX3 in diverse cancers. In our report, we demonstrated that the expression of RUNX3 in leukemia was higher than that in normal tissues. But to our surprise, a higher RUNX3 expression was significantly correlated with poor OS in patients with leukemia, which seemed consistent with the role of RUNX3 as an oncogene.
In this study, we systemically analyzed the expression and prognostic value of RUNXs in leukemia and provided a thorough understanding of the heterogeneity and complexity of the molecular biological properties of leukemia. Our results indicated that the increased expression of RUNX1, RUNX2, and RUNX3 in leukemia might play an important role in leukemia tumorigenesis. High RUNX3 expression could also serve as a molecular marker to identify highrisk subgroups of patients with leukemia. Our findings suggested that RUNX3 was a potential therapeutic target for leukemia, and transcriptional RUNX1 and RUNX2 were potential prognostic markers for the improvement of leukemia survival and prognostic accuracy.
MATERIALS AND METHODS
Ethics Statement
This study was approved by the Academic Committee of Wuhan University and conducted according to the principles expressed in the Declaration of Helsinki. All of the datasets were retrieved from the published literature, so it was confirmed that all written informed consent was obtained.
ONCOMINE Analysis
ONCOMINE gene expression array datasets (https://www.oncomine. org/), an online cancer microarray database, was used to analyze the transcription levels of the RUNX family in different cancers. The mRNA expressions of the RUNX family in clinical cancer specimens were compared with that in normal controls, using a Student's t test to generate a p value. The cutoff of p value and fold change were defined as 0.01 and 2, respectively.
GEPIA Dataset
GEPIA (Gene Expression Profiling Interactive Analysis) is a newly developed interactive web server for analyzing the RNA sequencing expression data of 9,736 tumors and 8,587 normal samples from the The Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) projects, using a standard processing pipeline (http://gepia.cancer-pku.cn/). GEPIA provides customizable functions such as tumor or normal differential expression analysis, profiling according to cancer types or pathological stages, patient survival analysis, similar gene detection, correlation analysis, and dimensionality reduction analysis. 39 
LinkedOmics Dataset
LinkedOmics (http://www.linkedomics.orglogin.php) is a new and unique tool in the software ecosystem for disseminating data from large-scale cancer omics projects. It uses preprocessed and normalized data from the Broad TCGA Firehose and Clinical Proteomic Tumor Analysis (CPTAC) data portal to reduce redundant efforts, and focused on the discovery and interpretation of attribute associations, and thus complements existing cancer data portals. 40 
CCLE Dataset
The CCLE ( https://www.broadinstitute.org/ccle) project is a collaboration between the Broad Institute and the Novartis Institutes for Biomedical Research and its Genomics Institute of the Novartis Research Foundation to conduct a detailed genetic and pharmacologic characterization of a large panel of human cancer models, to develop integrated computational analyses that link distinct pharmacologic vulnerabilities to genomic patterns and to translate cell line integrative genomics into cancer patient stratification. 41 The CCLE provides public access to genomic data, analysis, and visualization for about 1,000 cell lines. The RUNX family's expression in cancer cell lines is verified by the CCLE dataset.
EMBL-EBI Dataset
EMBL-EBI (https://www.ebi.ac.uk) has provided free and open access to a range of bioinformatics applications for sequence analysis since 1998. 42 The RUNX family's expression in AML cell lines is verified by the EMBL-EBI dataset. 
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